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Introduction

The main findings of this research project have been the following

1) There is a significant feedback from the stratosphere on tropospheric dynamics. (Hartley,
Villarin, Black and Davis, Nature, 1998).

2) A detailed analysis of the interaction between tropical and polar wave breaking in

controling stratospheric mixing. (Villarin, Hartley and Black, J. Atmos. Sci., 1999)

Copies of each of these papers are attached to this report. Abstracts are given below.

1. A New Perspective on the Dynamical Link Between the Stratosphere and Troposphere.

Atmospheric processes of tropospheric origin can perturb the stratosphere, but direct
feedback in the opposite direction is usually assumed to be negligible, despite the troposphere’s
sensitivity to changes in the release of wave activity into the stratosphere. Here, however, we
present evidence that such a feedback exists and can be significant. We find that if the
wintertime Arctic polar stratospheric vortex is distorted, either by waves propagating upward
from the troposphere or by eastward-travelling stratospheric waves, then there is a concomitant
redistribution of stratospheric potential vorticity that induces perturbations in key meteorological
fields in the upper troposphere. The feedback is large despite the much greater mass of the
troposphere: it can account for up to half of the geopotential height anomaly at the tropopause.
Although the relative strength of the feedback is partly due to a cancellation between
contributions to these anomalies from lower altitudes, our results imply that stratospheric
dynamics and its feedback on the troposphere are more significant for climate modelling and data

assimilation than was previously assumed.



2. Diagnosing the Polar Excitation of Subtropical Waves in the Stratosphere.

The poleward migration of planetary scale tongues of subtropical air has often been
associated with intense polar vortex disturbances in the stratosphere. This question of vortex
influence is reexamined from a potential vorticity (PV) perspective. Anomalous geopotential
height and wind fields associated solely with vortex PV anomalies are derived and their impact
on the stratospheric subtropical circulation is evaluated. Combined PV inversion and Contour
Advection (CA) calculations indicate that transient large scale disturbances of the polar vortex
do have a far reaching impact that extends beyond the midlatitude surf zone all the way to the
subtropics. This vortex influence is clearly non-local so that even simple wave 2 distortions that
leave the vortex well confined within the midlatitudes are observed to excite subtropical waves.
Treating subtropical PV as active tracers also showed that upon entrainment, these large scale

tongues of low PV air also influenced the dynamics of their own poleward migration.
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Abstract

The poleward migration of planetary scale tongues of subtropical air has often been
associated with intense polar vortex _disturbances in the stratosphere. This question of vortex
influence is reexamined from a potential vorticity (PV) perspective. Anomalous geopotential
height and wind fields associated solely with vortex PV anomalies are derived and their
impact on the stratospheric subtropical circulation is evaluated. Combined PV inversion
and Contour Advection (CA) calculations indicate that transient large scale disturbances of
the polar vortex do have a far reaching impact that extends beyond the midlatitude surf
zone all the way to the subtropics. This vortex influence is clearly non-local so that even
simple wave 2 distortions that leave the vortex well confined within the midlatitudes are
observed to‘ excite subtropical waves. Treating subtropical PV as active tracers also showed
that upon entrainment, these large scale tongues of low PV air also influenced the dynamics

of their own poleward migration.

1. Context

In various observational and numerical analyses, the poleward entrainment of sub-
tropical tongues of air has often been associated with intense vortex disturbances in the
stratosphere (Leovy et al. 1985; Randel et al. 1993; Waugh 1993; Norton 1994; Polvani et
al. 1995). Attributing the cause of this poleward subtropical transport to the polar vortex
itself was a result of viewing time sequences of the vortex distortion and the subsequent
subtropical wave breaking (e.g. Randel et al. 1993). Hence, one plausible mechanism hy-
pothesized then was that during these vortex disturbances, the vortex edge is moved closer
to the subtropics thereby entraining air parcels over there toward the midlatitudes.

However, in one recent study, Waugh (1996) concluded that equatorward incursions
of the polar vortex may not at all be necessary for the poleward transport of subtropical
air since transport out of the tropics was found to occur with or without the vortex. He
thus proposed that the continuous breaking of subtropical waves is a result of upward and
meridionally propagating Rossby waves incident on a nonlinear critical layer such as the surf

zone (McIntyre and Palmer 1983, 1984). The crucial condition therefore for subtropical wave
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breaking is not a perturbed polar vortex but a westerly regime that allows for the propagation
of Roséby waves. The causal connection that was seen previously between vortex movement
and subtropical wave breaking could thus be reinterpreted under a different light, i.e. that
both events are probably two responses to one and the same “forcing” acting on the poleward
and subtropical edges of the surf zone, rather than the former simply inducing the latter.
This conclusion is further reinforced by contour advection (CA) calculations during periods
which show continuous wave breaking in the polar regions despite the absence of the vortex.

In this study, we reexamine this question of vortex influence from a potential vorticity
(PV) perspective. We ask whether or not waves confined to the high latitudes of the vortex
edge can have a remote influence on the subtropics. The question itself is not entirely
hypothetical since upward propagating planetary waves' are observed to be refracted toward
the polar latitudes during intense wave events in the polar vortex (e.g. Palmer 1981; Butchart
et al. 1982; Kodera and Chiba 1995). Such planetary scale disturbances acting on the
high PV gradients at the vortex edge create large scale PV anomalies that have associated
circulations that may extend beyond the surf zone into the subtropics. If this is indeed the
case, then the hypothesis of Waugh (1996) about the source of polar and subtropical wave
breaking may have to be recast more subtly, taking into account the added feedback which
polar wave events may have on subtropical wave growth.

We isolate the remote effect of polar perturbations on the subtropics by using the
principle of PV invertibility (HQSkins et al. 1985). This allows us to derive or invert for the
anomalous flows that ¢an be attributed to various PV @omdy distributions in the atmo-
sphere. We use quasi-geostrophic (QG) PV since its linearity allows a unique separation of
geopotential height contributions coming from these PV anomalies (Robinson 1988; Hartley
et al. 1997). This instantaneous association of geopoteni:ia.l height (hereafter referred to as
height) with PV to infer the horizontal impact of vortex PV perturbations is complemented
further by using CA calculations to analyze the evolution of subtropical material contours
in time. .

In the next section, the method 6f QGPYV inversion is briefly described together with
the observational data to which it is applied; The basic application of CA to analyze the

temporal evolution of subtropical PV is also discussed here. Several vortex wave events for



the northern winter of 1992-93 are examined in subsequent sections. The wave event of 1
January 1993 is the focus of Section 3. More extensive analysis is purposely applied on this
event so that it can serve as an analytical template upon which the discussion of other events
will be based. Section 4 continues the analysis for the other wave events of this winter. The

study concludes with a discussion of dynamical implications in the final section.

2. Method of Analysis

a. Piecewise PV Inversion

In spherical geometry, the QG expression for PV is expressed as:
¢=f+V¥ (1)

where f is the Coriolis parameter, ¥ is the geostrophic streamfunction acted upon by the

Laplacian-like operator V2 :
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The independent vertical coordinate is the Exner function, 7 = Cp (p/po)R/ C and S repre-

sents the static stability of the QG reference state, S = —dO(w)/dn. The dimension of ¢
is sec=! and its values can range from 0 to 3 QPVU (where 1 QPVU = 10~*sec™!) in the
northern winter hemisphere.

The linearity of the operator in Eq. 2 suggests that ¥ or equivalently the geopotential
® (where ® = f¥) can be uniquely associated with a given distribution of q, that i is,

&=fVg-f) (3)

Through this invertibility between ¢ and ®, various features that make up the total & field can
be attributed to particular components of the total ¢ distribution. Thus, one can subdivide
the total ¢ field into any number of constituent ¢ partitions and from these calculate the
individual geopotential fields induced by these g partitions. The QG system has been shown
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to be valid up to about 10 mb (~ 30 km) (Boville 1987; Randel 1987) and has been verified
in our calculations to be reasonable for the levels we have chosen (=~ 30 mb).

In practice, it is the height (Z) contribution due to specific ¢ distributions in the
atmosphere that is calculated in the inversion process. First, ¢ and Z are decomposed into
their time mean and perturbation components. Such decomposition allows the separation
of the flow field into its transient and stationary features. An anomaly here is defined to
be a transient departure from the wintertime mean state. Thus, if ¢ = f + AV'Z(gZ/ f) and
g=f+V*gZ/f), then

¢ =VgZ'[f) or Z'=(f/g) V¢ (4)

where the Ba.r and prime symbols denote the seasonal time mean and deviation from this
mean, respectively. Transient height anomalies at some level, such as 32 mb, can therefore
be attributed to the transient distribution of g.

This transient ¢ anomaly field can be horizontally partitioned into components that
belong to the polar vortex and to regions outside the vortex. Thus,.

ZI = (f/g) 6_2(‘1:101'&: + q;xtra—vorte::) (5)

The inversion of g anomalies associated solely with the vortex allows us to distinguish the
contribution of the transient vortex disturbance to the total height anomaly field from that
attributed to extra-vortex PV anomalies.

PV anomalies associated with vortex changes are identified by using a simple masking
scheme to separate vortex PV contours from the rest. In contrast to Ertel PV, the QG form
of PV makes it possible to apply this separation at various vertical levels. To illustrate
this point, Fig. 1 shows the 32 mb QG PV profile of a vortex wave event on 1 January
1993. PV contours poleward of the 1.1 QPVU line are identified with the vortex while those
equatorward of 0.7 QPVU with the subtropics. That such a labeling scheme is valid for other
levels in the stratosphere can be seen from the deep vertical extension of these contours in
Fig. 2. In this Figure, latitude-height cross sections of PV for this wave event are plotted
at the longitudes where the large scale transient trough and ridge are observed (110°E and
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46°E, respectively). The designation of 1.1 QPVU as the vortex edge line (denoted by the
bold contour at high latitudes) is conservatively chosen to be within the region of large PV
gradients that mark the boundary of the polar vortex. This designated line is observed to
bound the vortex over a deep layer from 100 to 10 mb. To mask out extra-vortex contours,
the gridpoints containing QPVU values less than the vortex edge line for the wave event
and the time mean are uniquely flagged and later set to zero when the PV anomalies are

inverted.

b. Inversion Domain and Data

The PV inversion was applied on the United Kingdom Meteorological Office (UKMO)
analyzed data set for the boreal winter of 1992-93 (Swinbank and O’Neill 1994). This data set
has a longitudinal and latitudinal resolution of 3.75° and 2.5° respectively. Nineteen vertical
levels (1000 to 1.0 mb) that are equidistant in log pressure comprise the PV inversion domain.

The inversion was applied over a hemisphere which meant that horizontal boundary
conditions had to be zonally cyclic and continuous over the pole. Polar continuity was
possible using the method of Haltiner and Williams (1980). The only lateral boundary
condition was at the low latitude limit where QG theory breaks down. At this low latitude
limit (15°N), the Dirichlet boundary condition, ¢’ = 0, was applied.

The non-zero ¢, where §' = —0%' /0, was'_used as the vertical boundary condition
whenever the surface or top level PV was included in the inversion. Otherwise, the Neumann
boundary condition, 8%'/0r = 0, waé applied when interior PV was inverted (Davis 1992;
Davis and Emanuel 1991).

c. Contour Advection

As Eq. 5 suggests, different seté of height anomaly ﬁelds_ can be derived from several
PV anomaly partitions. In this study, two sets of height anomaly fields are compared, namely .
the “total” hefght anomaly field, i.e. that associated with both vortex and extra-vortex PV
anomalies, and the “vortex” height anomaly field, i.e. that associated solely with polar vortex

disturbances. Both sets of height fields are instantaneous snap shots of the atmospheric flow



produced accordingly by these different PV partitions on the wave event of interest.

Such a comparison of both height fields already gives us an idea of the instantaneous
impact of vortex perturbations on the atmospheric flow. This impact can be examined
further by tracing the temporal evolution of material contours as these are advected by
winds associated with both sets of height fields. For this, the CA method is used to study
how subtropical contours evolve under different wind regimes associated with these height
fields.

CA calculations have been employed sucessfully in previous studies that have exam-
ined the fine scale evolution of material contours in the stratosphere (Waugh and Plumb
1994; Plumb et al. 1994; Waugh et al. 1994). In this study, the CA routine is initialized
several days before the mature wave event, on a day usually marked by transient wave qui-
escence. PV inversions are then performed from this initial day up to the wave event itself
to obtain the daily wind fields needed for the CA routine.

The first CA calculation is done by advecting a specific subtropical PV contour with
the vortex wind field that is obtained from the stationary (time mean) wind plus the tran-
sient wind due solely to vortex PV anomalies. The resulting contour evolution can then be
examined for any evidence of entrainment or filamentation that may be directly associated
with transient vortex PV disturbances. A second CA calculation advects the same subtrop-
ical contour with the total wind field obtained from the background stationary flow and the
full set of unpartitioned (i.e. vortex plus extra-vortex) PV anomalies. Comparing the two
final pictures that emerge from these calculations enables us to see the dynamical contri-
bution of vortex and extra-vortex (or largely subtropical) PV anomalies oﬁ the subsequent

transport of subtropical air. A contour length diagnostic is used to quantify the comparison.

3. The Wave Event of 1 January

a. Dynamically Significant PV Levels

According to the PV profile of Fig. 1, the vortex wave event on this day is characterized
by a typical wave 2 perturbation with PV troughs over the North Atlantic and northern

China, and ridges over eastern Europe and the Aleutians. Associated with this vortex
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distortion are tongues of subtropical air moving poleward at those regions south and east of
the vortex PV troughs.

Subtracting the time mean or stationary component from the total fields for this day
produces the PV and height anomaly fields in Fig. 3. The various contributions to the total
height anomaly field at this particular level can be attributed to different components of the
PV anomaly distribution at several regions and levels in the atmosphere. Thus, in order to
capture the flow and its salient features, it is necessary to determine the location of those
PV anomalies that are important in terms of their contribution to the flow at the level of
interest which, in this case, is the 32 mb level. This is done by individually inverting the
PV anomalies at all levels in the atmosphere to obtain the height anomaly field associated
with each level. The superposition of all these height anomaly contributions coming from
different levels should yield the total height anomaly field at 32 mb.

To quantify the contribution of PV anomalies at various levels to the height anomaly
field at 32 mb, a quantity somewhat akin to the normalized covariance of both the induced
height contribution and the total height field (Robinson 1988) is calculated. Such a contri-
bution or weighting coefficient (C) is mathematically expressed as:

If ¢*(z,y, 20)®(z,y, 0)dA ©)
If ®(z,y, 20)%dA

C(z,2) =

where @ is the total height anomaly at the level of interest (zo) that is due to all the PV in
the atmosphere, and ¢* is the height anomaly at level z that is due to the PV distribution
at the variable level z. The area integrals in the fraction denote that the heights are areally
weighted over a hemisphere. |
 In addition to calculating the individual contribution coefficient, one can likewise
calculate the cumulative contribution of PV to the total height anomaly at z. This only
requires modifying ¢ in Eq. 6 to denote the height anomaly contribution to z that is due to
PV anomalies at successive levels from the surface (z = 0) up to the specified level z.
Both individual and cumulative contribution coefficients are shown in Fig. 4 which
illustrates the dynamical significance of PV at altitudes that are close to the level of interest

(32 mb). This confirms what Robinson (1988) concluded about the greater importance of



local PV over remote PV distributions in determining the total flow at a particular level
in the stratosphere. Thus, from Fig. 4a, the strongest contribution to the 32 mb height
field comes from the PV anomalies at this level itself. When the cumulative contribution
coeflicient is plotted in Fig. 4b, it is evident that the height field induced by PV anomalies
from the surface up to 32 mb only accounts for 60% of the total height anomaly field at 32
mb. This total field is only completely accounted for with the inclusion of PV at stratospheric
levels above 32 mb.

Furthermore, the cumulative contribution of tropospheric PV anomalies on the 32 mb
level effectively cancels out and only those PV structures starting at around 15 km begin to
contribute significantly to the 32 mb flow. Of course, this is not to imply that tropospheric
PV has no effect on the middle stratosphere whatsoever. In the first place, the large scale
stratospheric PV anomalies are generated largely by upward propagating planetary distur-
bances that originate from the troposphere. What the contribution coefficients illustrate
simply is a diagnostic weighting procedure to measure the relative contributions of these
PV anomalies to the instantaneous flow at the 32 mb level. Thus, from these contribution
coefficients, we conclude that at a particular point in time such as the wave event of this
day, the PV anomalies at levels spanning the 100 to 10 mb levels are dynamically important

in determining the total anomalous flow at 32 mb.

b. Vortex PV Inversion

The results of the PV inversion for this event are shown in Fig. 5. Three PV anomaly

configurations on the 32 mb level are plotted on the left column and inverted height anomalies

~ on the right. For example, Fig..5b shows the result of inverting not just the PV anomaly

distribution shown in Fig. 5a but all the PV anomalies within the 100 to 10 mb levels. For
convenience, not all the PV levels are shown and the' 32 mb distribution is selected to be
representative of the rest. As shown previously, it is the PV field at this level that dominates
the 32 mb height field. The similarity between the inverted height anomaly field of Fig. 5b
and that of the total height anomaly field of Fig. 3b demonstrates how the 32 mb flow is
captured effectively by PV anomalies spanning the 100 to 10 mb range.

The second and third rows of Fig. 5 show the results of horizontally partitioning the
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total PV structure represented by Fig. 5a into its vortex and extra-vortex components. Thus
in Fig. 5¢c, only PV anomalies associated with the vortex disturbance are shown. Adjacent
to this, in Fig. 5d, are the height anomalies that result from inverting only these vortex
PV at the dynamically significant levels (100-10 mb). The similarity between Fig. 5d and
Fig. 5b illustrates the dominant influence of the polar vortex in the dynamics of the winter
stratosphere at this level. The significance of any residual or extra-vortex influence on this
level is shown in Fig. 5e and Fig. 5f which illustrate the effect of PV structures beyond the
vortex region.

The influence of extra-vortex PV is largely attributed to subtropical PV that has
been advected poleward into the midlatitude surf zone. Since the midlatitude surf zone is
marked by low PV gradients, PV disturbances found in this region outside the polar vortex
are associated mostly with vortex and subtropical material entrained into the midlatitudes.
The PV anomalies associated with the subtropics arise largely from perturbations of the
subtropical edge of the surf zone. This edge is marked by PV gradients that are not as steep
as those at the vortex edge but are nevertheless important. Thus, incursions of subtropical
air into the midlatitudes create negative PV anomalies in the midlatitude surf region which,
upon inversioﬁ, produce the broad expanse of poéitive height contributions that extend from
the subtropics to the high latitudes shown in Fig. 5f.

The effect of this broad expanse of positive height anomalies, induced by subtropical
PV, on the instantaneous total height anomaly field can be seen by comparing Fig. 5b
and Fig. 5d.. There are subtle differences that can be attributed to extra-vortex PV. For
instance, the large scale cyclonic circulation over the North Atlantic that is induced by
the anomalous equa_torwa.td movement of one portion of the vortex extends farther to the
south and has a larger amplitude when the influence of the subtropics is not considered
(Fig. 5d). On the other hand, the anticyclonic circulation over northern Europe extends |
further south and its amplitude increases when extra-vortex PV anomalies are included
in the calculation of the total height anomaly field. This suggests that while vortex PV
perturbations 'dominate the dynamics of the winter stratosphere, subtropical PV anomalies
entrained into the midlatitudes modify this vortex influence.

The height anomaly fields shown in Fig. 5 already give us an idea of the extent of the



horizontal influence of vortex disturbances throughout the stratosphere. To examine whether
these height anomalies have any impact at all on the excitation and eventual entrainment
of subtropical waves, wind fields derived from these heights will now be used to advect

subtropical contours in time.

c. Subtropical Entrainment

The entrainment of subtropical material contours due to vortex perturbations is pos-
sible only if the winds associated with the vortex PV anomalies are large and extensive
enough to sustain the poleward movement of these contours. CA calculations provide us
a method of examining the effectiveness of such a wind field in bringing about subtropical
transport. The material contour that is advected is the PV contour that corresponds to the
subtropical edge of the surf zone (0.7 QPVU). Two sets of wind fields are used to advect this
contour: the total wind field (i.e. stationary plus transient winds due to all the significant
PV anomalies in the stratosphere) and the anomalous or vortex wind field (stationary plus
transient winds due only to vortex PV perturbations). For convenience, the entrainment of
subtropical contours due to each set of wind fields is labeled total and vortex entrainment,
respectively.

For the event of 1 January, the evolution of the subtropical PV contour under the
action of the vortex wind field is shown in Fig. 6. The CA calculation is initialized five
days before the mature phase event. What is immédiately obvious from these plots are
the tongues of subtropical air entrained along the cyclonic circulation patterns associated
with the vortex distortion. Substantial extrusions of subtropical air into the midlatitudes
. are found over Japan and the eastern Atlantic. The remote effect of these high latitude
' perturbations on the subtropics is clearly evident despite the conﬁﬁement of vortex PV
anomalies to the middle and high latitudes.

To see how differently the contours would evolve if extra-vortex PV were included,
another set of CA célculations were made, this time, using the total wind field associated
with the full unpartitioned PV structures. The evolution of these subtropical contours is
traced in Fig. 7. Since this calculation advects the contours with the total winds, the final

result should simulate at least the observed coarse grain picture of Fig. 1. Large scale
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features of the high resolution calculation do in fact correspond to the observed subtropical
PV contours. Differences are to be expected due to numerical integration errors and the fact
that only the PV structures spanning the 100 to 10 mb levels were inverted in deriving the
wind fields. The contour evolution of Fig. 7 shows the same qualitative features of poleward
entrainment as in Fig. 6 with some subtle differences that can be attributed to extra-vortex
PV.

The effect of extra-vortex PV on subtropical wave breaking, which essentially is a
self-advective effect, can be gleaned from the differences between the pictures of Fig. 6 and
Fig. 7. Vortex entrainment over Japan (Fig. 6) shows a northeastward meridional slant of the
subtropical contour as a result of the cyclonic circulation produced by the positive vortex PV
anomaly in this region. When the influence of subtropical PV is included in the advection,
total entrainment over this region (Fig. 7) is more zonally extended with enhanced troughing
observed downstream of the tongues. Vortex entrainment over the Atlantic shows the same
characteristic meridional slant. Total entrainment appears to lead to greater thinning or
filamentation of contours. The filamentation itself is accompanied by enhanced troughing
downstream of these entrained tongues. Moreover, under total eﬁtra.inment, these wave
crests are located slightly more westward, suggesting that the effect of subtropical PV on
itself is to propagate upstream. Under vortex entrainment, these subtropical PV anomalies
would simply be advected poleward and downstream like any passive tracer.

This largely qualitative and visual analysis can be complemented further by measuring
the length of these evolving contours to diagnose the degree of wave breaking and irreversible
transport. Irreversible deformation of these contours is evaluated by comparing contour
lengths corresponding to both total and vortex entrainment with the initial (pre-event)
contour state. The time rate of change of these contour lengths can be used as a diagnostic for
transport. Chen (1996) used the lengthening rate of these material contours as an indicator
of wave breaking. The lengthening rate equation is reproduced here:

3 1 L(tfinat)
7= (tfinat — tinitiat) tn [L(tinmaz)]

where t4inas and Zinitiar denote the time interval between the initial and final states of contour
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advection, and L represents the length of the material contours at each of these states. It
is the exponential rate of lengthening that is used as a diagnostic of rapid mixing and
wave breaking rather than the linear increase in contour lengths (Chen 1996 and references
therein). We adopt the same +y value of 0.05 day™' as a threshold for this wave breaking.
Such a threshold implies a 12-fold increase in the length of a material line in 50 days or a
doubling of length in 14 days. Wave breaking itself does not necessarily imply the literal
fracturing of material lines; rather, it refers to the irreversible deformation of PV material
contours in contrast to the simple linear undulation of a Rossby wave (Holton et al. 1995).
For these advected contours, an increase in filamentation and their subsequent evolution into
smaller scales lead to greater probability of irreversible mixing.

A summary of contour length diagnostics for this and other wave events of this study
is shown in Table 1. Under vortex entrainment, the subtropical contour for the wave event of
1 January increases by 37% in a matter of five days. This corresponds to a lengthening rate of
.06 per daj which is above our threshold for irreversible deformation and wave breaking. The
spatial extent and strength of the vortex wind field is therefore enough to bring about the
extrusion of subtropical material into the extratropics. Under total entrainment, both the
fr.a,ctiona.l length increase and the lengthening rate are even larger (63% and .10 respectively),
suggesting the enhancement of subtropical wave breaking by the subtropical PV anomalies

themselves.

4. Other Wave Events

a. 9 Janvary

The wave event of this day is a wave 2 perturbation with a vortex orientation similar
to the previous wave event just analyzed. The location of vortex ridges and troughs together
with their associated circulations are approximately collocated with those of the previous
evént. CA calculations are initialized six days before the mature wave event and the result
shown in Fig. 8. »

The influence of vortex PV on the subtropics can be seen in the prominent spike of

subtropical material over the western Pacific. Other subtropical waves are observed to be
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excited downstream of this spike in the central Pacific and over the eastern Atlantic and
North Africa. When the effect of extra-vortex PV is considered (under total entrainment),
the subtropical contour over East Asia and the western Pacific is even more distorted with
a thin filament extending poleward all the way to the Aleutians. Increased zonality is also
seen in the way subtropical filaments are eqtra.ined particularly over Japan. In this region,
filaments of midlatitude PV air are also seen to intrude zonally into the subtropical reservoir
over Taiwan. The trough over North Africa, in the case of total entrainment, is simply absent
under vortex entrainment, suggesting again that the effect of a subtropical PV anomaly on
its own development is to propagate upstream, or more precisely, to induce an anticyclonic
circulation that tends to create a trough on its east flank and a ridge on its west flank. This
tendency for a subtropical PV anomaly to propagate upstream may readily dominate over
its downstream advection because the background westerly flow over this subtropical region
is weaker than at higher latitudes.

Another interesting feature of this event is that not only can the vortex induce pole-
ward transport of subtropical material, it can also advect high latitude subtropical contours
equatorward. This is clearly seen in Fig. 8b where the subtropical PV blob initially over
the North Pacific and Alaska is brought closer to the U.S. subtropics due to the cyclonic
circulation induced by the vortex trough over the northeast U.S. and Canada.

Contour length diagnostics (Table 1) show that vortex entrainment is enough to bring
about the poleward transport of subtropical material, with a 70% increase in contour length
over 6 days, corresponding to a lengthening rate of .09 per day. Under total entrainment, the
contour length nearly doubles in that same span of time with much of the length increase
occurring most probably over the highly distorted region in the western Pacific and East
Asia. The lengthening rate under total entrainment (.11 per day) is more than twice that of
our threshold.

b. 16 February

The vortex event of this day is a wave 1 perturbation with an anomalously intense
Aleutian ridge and a polar vortex displaced over Europe. The results of ‘CA calculations,

initialized six days prior to this wave event, are shown in Fig. 9. A broad extrusion of
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subtropical air due solely to vortex PV is seen over the North Pacific extending all the way
from Far East Asia across the Arctic into the northwest U.S. This large scale subtropical
extrusion goes along the interface between the Aleutian High and the polar vortex low.
When the vortex is displaced equatorward, anomalously low and high PV distributions
simultaneously arise, creating a PV anomaly dipole structure in the polar atmosphere. At
the juncture of this dipole are enhanced winds running transverse to the dipole’s axis which
are associated with the intense PV gradients created by the presence of both PV anomaly
poles. By PV inversion, the lateral eﬁent of these enhanced winds is found to be large
enough to encompass both the midlatitude surf zone and its subtropical edge. It is this
enhanced anomalous wind structure, associated with vortex PV anomalies, that is mainly
responsible for the extensive poleward entrainment of subtropical air.

Under total entrainment, this subtropical extrusion induced by polar PV is modified
in several ways. As with other events, the dynamical effect of subtropical PV on its own
poleward movement shows a marked increase in filamentation, as suggested by the much
thinner tongue and the way the tip of this tongue is chaotically entwined around the Aleutian
region. The subtropical region from which this extrusion originates is again found to be more
westward of where it would be if only vortex PV anomalies determined the subtropical flow.
Extensive troughing is also observed all over the Pacific and immediately eastward of the
subtropical tongue. Some form of retardation can be observed from the manner in which
the minor contour initially situated near Russia wraps around the vortex edge.

Contour length calculations (Table 1) confirm again the strength of vortex influence on
subtropical entrainment, showing a contour length fractional increase of 57% and a length-
ening rate of .08 per day within a span of six days. Under tota.lientrainm_ent,. the length of
this initial contour increases to 74% within this same time interval. The small increase in
lengthening rate (from .08 to .09) suggests the sheer dominance of vortex PV perturbations
alone in bringing about subtropical wave breaking. -

c. 6 Marcﬁ

The wave 1 perturbation event of this day shows the same qualitative features of the

previous wave event. In the 18 days that transpired from that wave event to this day, the
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highly disturbed vortex was observed to rotate about 225° downstream. On this day, the
rotated vortex is displaced over Russia with an intense positive height anomaly centered over
Canada. Such a configuration leads to a dipole structure of large scale positive and negative
PV anomalies. Fig. 10 shows the results of the CA calculation, initialized six days prior to
the mature wave event. Readily observable from the plots of Fig. 10b and Fig. 10c are the
subtropical intrusions along the corridor marking the interface between the low and high PV
centers over Canada and Russa respectively.

The dynamical influence of vortex PV alone on subtropical transport is seen not
only from these long filaments over the subtropical western Pacific that extend from the
subtropics all the way to the Arctic, but also from wave crests found over Africa and Mexico.
Interestingly enough, the direction of wave cresting over Mexico is different from that over
Africa. The southeast to northwest tilt of these wave crests over Mexico is due to the large
scale anticyclonic circulation centered over Canada. The southwest to northeast tilt of the
African subtropical spike is associated with the cyclonic circulation of the displaced vortex.

Under total entrainment, the distinct contribution of subtropical PV to its own pole-
ward movement can be observed. In Fig. 10c, the subtropical contour over the western
Pacific shows several tongues pointing toward the north. The spatial extent of these tongues
seems to be influenced also by the neighboring large scale anticyclonic circulation associated
with the subtropical PV blob centered over Canada. Enhanced troughing is again observed
immediately downstream of these tongues. Another subtropical tongue can be observed over
the eastern Atlantic with some troughing east of the extrusion. Under total entrainment, the
region of subtropical extrusion is also located upstream of where it would be under simple
vortex entrainment. The tilt of the wave crests over Mexico is not as apparent under total
entrainment. Another interesting feature is the difference in the way the minor subtropical
contour, initially centered over the Aleutians, wraps itself anticyclonically around the cen-
ter of high pressure (Canadian High). Under total entrainment, this wrap around process
is much fnore pnhanced because of a high pressure center reinforced by low PV contribu-
tions entrained from the subtropics. This high pressure center has been observed to remain
relatively isolated for more than a week, leading to a pocket of low ozone that has been

discovered in this region (Manney et al. 1995).
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The results of contour length calculations (Table 1) show values that are similar to
those of the previous wave event. Under vortex entrainment alope, the subtropical contour is
lengthened by 58% in a span of six days, thus leading to a lengthening rate of .08 per day, still
above the threshold for wave breaking. Under total entrainment, these values are increased
slightly further to 73% and .09, again showing the dominance of vortex PV perturbations in
bringing about the poleward transport of subtropical air.

5. Discussion/Conclusion

The overall conclusion that can be drawn from all this analysis is that transient large
scale perturbations of the stratospheric polar vortex do have a far reaching impact that
extends all the way to the subtropics. Furthermore, piecewise PV inversion has demonstrated
that this remote influence need not require the vortex edge to touch low latitudes as may
be expected in some wave 1 vortex displacement events. Even simple wave 2 distortions
thaf leave the vortex well confined within the rﬁiddle latitudes are observed to have an
appreciable effect on the dynamics of subtropical transport. CA calculations coupled with
contour length diagnostics suggest the sheer dominance of this vortex influence not only on
the high or midlatitude stratosphere but on the poleward entrainment of subtropical air as
well.

This of course does not imply that the vortex is the sole cause of subtropical wave
excitation and/or breaking. As Waugh (1996) clearly pointed out, instances of transport
out of the subtropics are found to occur rather independently of a polar vortex for as long
as westerly flow allowed the upward propagation of Rossby waves. Subtropical waves arise
then out of vertically propagé,ﬁng Rossby waves that eventually break oﬂ the subtropical
edge of the surf zone. What we have shown here is that during vortex wave events at
least, perturbations on the poleward edge of the surf zone can excite ripples and filaments
along the equatorward edge of this surf zone. Quantitative analysis further suggests that a
significant fraction of these subtropical tongues is associated with the horizontal influence
of vortex PV disturbances. With or without Rossby waves moving upward and breaking on
the subtropical edge of the surf zone, this feedback effect coming from disturbances on the
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vortex edge cannot be neglected.

Once this remote influence of the vortex waves is taken into account, the total trans-
port of subtropical air is not a simple matter of passive advection by the winds associated
with vortex entrainment. Since PV itself is a dynamic tracer, its advection and resulting
redistribution will influence subsequent development of the atmospheric flow. This distinct
advantage of using PV as an active tracer é.llows .us to draw a dynamical picture of the trans-
port process associated with the coupled interaction of vortex and subtropical PV anomalies.
This picture is schematically shown in Fig. 11. Assuming that the wave disturbance is fo-
cused solely on the high PV vortex edge (Fig. 11a), a subtropical, low PV pulse can arise as
a consequence of the laterally extensive circulations associated with the vortex PV anomaly
(Fig. 11b). Both pulses lead to a positive PV anomaly in the high latitudes and a negative
PV anomaly in the subtropics. The cyclonic circulation induced by the positive PV anomaly
at the vortex edge can, by itself, advect subtropical material into the midlatitudes, i.e. vor-

tex entrainment alone is efficient enough to excite subtropical waves and entrain subtropical
| material into the wave breaking region of the surf zone.

The total dynamical picture however includes these negative subtropical PV anomalies
that are entrained into the midlatitudes. Because the PV gradients in the subtropical edge
of the surf zone are not as strong as those at the polar edge, these negative PV anomalies
are generally smaller in amplitude and spatial scale. Despite this however, differences we
have seen between vortex entrainment and total entrainment suggest that the circulations
associated with these subtropical PV anomalies are not negligible. One non-negligible effect
of entrained subtropical PV is to tighten the height gradient along the interface that separates
it from the positive vortex PV anomaly. As Fig. 11c suggests, such gradient tightening leads
to the possibility of increased wind magnitudes along this corridor. This self-advective effect,
owing to thg. dynamic nature of PV, a.lso- results in the enhanced troughing immediately east
of these suBi;ropical PV anomalies. The coupling of the vortex induced cyclonic circulation
with the subtropical anticyclonic circulation may also lead to greater diffluent flow past the
region of tight. gradients. Hence instead of assuming a northeastward trajectory as a result
of the cyclonic sweep of the vortex PV a.nomAly, the subtropical filament takes on a more

eastward or zonal orientation because of the added influence of the subtropical PV.
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The subtropical PV anomalies being considered here are only those associated with
the subtropical edge of the surf zone that wind up in the extratropics as a result of vortex
entrainment. There are certainly extraneous subtropical and tropical PV anomalies not
associated with vortex entrainment but because of their weak amplitudes and scale, their
dynamical influence will most likely be confined within the subtropical reservoir.

Among the regions that show poleward subtropical entrainment, CA calculations in-
dicate a preferred location for substantial subtropical extrusions, namely over Japan and
the Western Pacific. Interestingly enough, in this preferred region (for example, on the 1
January event), transient or anomalous heights over this region are weaker in amplitude and
less extensive than the other cyclonic center over the North Atlantic (see Fig. 5d).

This preferred region of subtropical wave breaking could be due to zonal differences
in the steepness of the subtropical PV gradient. Another possible reason for this region of
persistent entrainment is the action of stationary waves. The stationary eddy configuration
at the 32 mb level is marked by two planetary scale cyclonic circulation patterns over Russia
and Greenland. The stationary troughs over the former are more extensive and have larger
amplitudes than the latter. In fact, preliminary CA calculations (not shown) which use
stationary winds to advect zonally symmetric subtropical contours yielded some poleward
extrusions over this preferred region in the Pacific. Future PV studies will need to separate
the influences due to stationary and transient eddies on subtropical transport. A potentially
important consequence of this preferred region of transport is the feeding of the Aleutian

High with low PV subtropical air through horiionta.l transport.
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Table 1. Contour Diagnostics Corresponding to Initial, Vortex, and Total Entrainment.
Contour Diagnostics Corresponding to Initial, Vortex, and Total Entrainment.

Length % Increase Length Rate
(107 m) (day™!)
1 Jan
Initial 5.42
Vortex 7.42 37 .06
Total 8.85 63 .10
9 Jan
Initial 6.51
Vortex  11.08 70 .09
Total  12.96 99 11
16 Feb
Initial 7.03
Vortex  11.04 Y .08
Total 12.22 74 .09
6 Mar
Initial 6.72
Vortex  10.62 58 .08
Total 11.59 73 .09
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List of Figures
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11

PV profile on 1 January at the 32 mb level. Light and dark shades denote vortex
and subtropical areas bounded by the 1.1 and 0.7 QPVU line respectively. Contour
interval is 0.1 QPVU.

Latitude-height cross section at the (a) trough region (110°E) and (b) ridge region
(46°E) on 1 January.

(a) PV anomaly and (b) height anomaly fields at 32 mb level for the wave event of
1 January. Light and dark shades denote positive and negative values, respectively.

(a) Individual contribution of different levels and (b) cumulative contribution to the

32 mb flow.

(a) Total PV anomaly structure and its partitioned elements, (c) vortex PV and (e)
extravortex PV. Inverted height results are to the right of each representative PV
partition (b,d,f).

Evolution of subtropical contours under vortex entrainment. Numbers indicate the

day of integration, from 28 December to 1 January.
Same as in Fig. 6 but for total entrainment.

(a) Initial subtropical contour state, (b) final evolution under vortex entrainment,

and (c) final evolution under total entrainment for the event of 9 January.
Same as in Fig. 8 but for the wave event of 16 February.
Same as in Fig. 8 but for the wave event of 6 March.

Schematic diagram of the transport mechanism generated by vortex perturbations.
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Atmospheric processes of tropospheric origin can perturb the
stratosphere, but direct feedback in the opposite direction is
usually assumed to be negligible, despite the troposphere’s sensi-
tivity to changes in the release of wave activity into the strato-
sphere' . Here, however, we present evidence that such a feedback
exists and can be significant. We find that if the wintertime Arctic
polar stratospheric vortex is distorted, either by waves propagat-
ing upward from the troposphere' or by eastward-travelling
stratospheric waves®®, then there is a concomitant redistribution
of stratospheric potential vorticity which induces perturbations
in key meteorological fields in the upper troposphere. The feed-
back is large despite the much greater mass of the troposphere: it
can account for up to half of the geopotential height anomaly at
the tropopause. Although the relative strength of the feedback is
partly due to a cancellation’ between contributions to these
anomalies from lower altitudes, our results imply that strato-
spheric dynamics and its feedback on the troposphere are more
significant for climate modelling and data assimilation than was
previously assumed.

To test for feedbacks from the stratosphere on the troposphere,
we use a method known as piecewise potential-vorticity (PV)
inversion. PV inversion more generally means the deduction of
geopotential anomaly fields (and related fields such as the wind
field) from fields of PV anomalies in the atmosphere and potential
temperature anomalies at the Earth’s surface. The inversion process
requires solving a Poisson-like equation, which indicates that the
non-local effects are qualitatively similar to the induction of an
electric field by electric charge®. It is a useful aid to understanding

NATURE ! VOL 391129 JANUARY 1998

letters to nature

atmospheric motions in circumstances where PV evolution is easily
characterized. Piecewise PV inversion uses the superposition prin-
ciple to calculate contributions to the geopotential height anomaly
Z' attributable to PV anomalies in certain locations only'®, analo-
gous to calculating the electric fields that are due to only a subset of
the total charge distribution.

The superposition principle is linear when the inversion is done
on the basis of quasi-geostrophy (QG), and we accordingly use
quasi-geostrophic PV'""? (hereafter, simply PV) throughout this
study. Quasi-geostrophy is based on the assumption that the
magnitude of horizontal wind acceleration is smaller than the
force due to the Earth’s rotation (small Rossby number) and that
the vertical stability is approximately uniform along a pressure-
altitude. In QG, PV anomalies, q', and geopotential height anomalies,
Z', are linearly related by

q =LZ') (n

where L is a linear laplacian-type operator’. The linearity of
equation (1) allows piecewise PV inversions to be performed
unambiguously, as one can linearly superpose the contributions
of individual PV anomaly ‘pieces’ to obtain the total Z’ field.
Piecewise PV inversions have been applied in separate studies of
tropospheric cyclogenesis'®’ and the stratospheric polar vortex''.
The latter research, which focused on how the stratospheric and
mesopheric Z' fields are determined, included an exploratory
analysis, using no tropospheric data, of the impact of two large
stratospheric vortex deformations on the troposphere. Here we
present an analysis and quantification of the influence of strato-
spheric PV anomalies relative to tropospheric PV anomalies in
determining Z’ in the upper troposphere. (The tropospheric PV
anomalies include anomalies at the tropopause level: that is, those
along the boundary between the troposphere and stratosphere.)
Our study uses meteorological data for the winter of 1992/93
(analysed fields from the United Kingdom Meteorological Office,
UKMO™) for both the troposphere and stratosphere, and diagnoses
a broad range of cases of stratospheric polar vortex distortions,
which are often associated with dramatic advective rearrangements
of PV and ozone'"". The radiative effects of carbon dioxide, ozone
and other greenhouse gases in the stratosphere, along with the
breaking of planetary-scale Rossby waves, are responsible for the
strong winds and horizontal PV gradients observed at the edge of
the vortex'™™ which, when disturbed, can easily lead to strong
advection. Stratospheric vortex distortions can be due to both the
vertical propagation of planetary-scale Rossby waves from the

Zonal mean wind {m s°')

[}
— 10hPa 1 2 3 5
=== 46 hPa
—d p oo o i .
1 Dec 1 Jan 1 Feb 1 Mar

Figure 1 Time series of the zonal mean wind at 61.25° N for the winter of 1992/93.
The solid line is for 10hPa (~30km) and the dashed line is for 46 hPa (~20km). Up-
arrows mark vortex disturbance events and down-arrows mark non-events. The
events are numbered for reference in the text and other figures.

471



Polar vortex disturbances are associated with significant
decreases in the zonal mean wind near the edge of the stratospheric
polar vortex. Figure I shows a time series of this quantity at 61.25° N
for the winter of 1992-93. If we define an ‘event’ as a drop in wind
speed of at least 10m s at 10hPa (~30km) with a corresponding
change at 46 hPa (~20km), about five events occurred during this
winter. ‘Non-events’ are defined as the times of maximum wind
speeds between events (see Fig. 1). The PV distribution at 10 hPa for
the wintertime average and for event 2 (January 1) are shown in Figs
2a and b, respectively. Figure 2c illustrates the vertical extent of the
vortex distortion.

We first discuss the piecewise inversion for event 2. Figure 3 shows
Z' at the tropopause during the event day. Figure 3b is the
component of the tropopause Z' that is induced by PV anomalies
located within the troposphere. It is clear that a large fraction of the
Z field is unaccounted for by tropospheric PV anomalies alone. The
difference is due to the stratospheric influence shown in Fig. 3c. This
component has magnitudes comparable to the Z’ field induced by
the tropospheric PV anomalies, indicating the large influence of
stratospheric PV rearrangements on tropospheric dynamic fields.

To ascertain the location of the stratospheric PV anomalies that
have the largest impact on tropospheric dynamical fields, we make
use of a geopotential contribution function'’. This measures the
fraction of Z’ at the tropopause that is due to the integrated effect of

20
I
175 }
i
t5 N
\
125 }
|
10 i
----- 1(24 Dec)
075 — 2(01Jan)
—-= 3 (09 Jan)
08 —— 4(17 Fab) [
<= 5 (06 Mar)

Contribution to Z° at 215 hPa

Log pressure-altitude (km)

Figure 4 Geopotential contribution function as a function of log pressure-altitude
for (a) events and {b) non-events. The geopotential contribution function is the
normalized covariance of the observed Z' at the tropopause (215hPa) with Z'
induced by PV anomalies {g’) located above a specified pressure-altitude. This is
a measure of the fraction of the Northern Hemisphere tropopause Z° that is
induced by PV anomalies above a specific pressure-altitude. Log pressure-
aftitude (z*) is calculated from the UARS pressure levels by z* = —H In( p/o,).
where H = 7km and p, = 1,000hPa. The legends specify the date and event
number that each line represents. An up-arrow is located at the log pressure-
aftitude of the tropopause. If the surface-induced Z’ was included at z* = 0, the
contribution function atz* = 0 would be identically 1.0.
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PV anomalies above a specified altitude. This is calculated by taking
the covariance of the observed tropopause Z' with the tropopause Z'
induced by PV anomalies above the specified altitude. It is then
integrated horizontally and normalized to give a fractional
contribution. Figure 4a shows the geopotential contribution func-
tion as a function of altitude for each of the five events. On average,
34% of the tropopause Z' is induced by stratospheric PV anomalies,
with most of this contribution from the lower (~12-16km) and
middle (~17-24km) stratosphere and nearly negligible amounts
from the upper stratosphere (~25-50km).

The correspondence between the strength of the zonal mean wind
change (Fig. 1) and the stratospheric contribution to the tropopause
Z' is evident from Fig. 4. The two largest events (4 and 5) show the
strongest stratospheric contribution to tropopause Z'. In fact,
during event 5 stratospheric PV anomalies account for more than
half of the tropopause Z'. We also note that the contributions of 6" at
the Earth’s surface largely cancel the mid-tropospheric influence on
tropopause Z'. This cancellation” is evident in the contribution
function, which exhibits a cancellation point at 7 km. In Fig. 4b, we
plot the same contribution function for five non-events. For these
cases, we find that, on average, about 15% of the tropopause Z' is
induced by stratospheric PV anomalies. It is evident that the
rearrangement of PV that occurs during vortex distortions induces
strong geopotential height anomalies at the tropopause.

These results clearly indicate that stratospheric processes induce
significant anomalies in dynamical fields at the tropopause.
Although a coarsely resolved stratosphere is included in many
current general circulation models and data assimilation systems
used for tropospheric applications, our results suggest that a more
realistic representation of the stratosphere may be required to
enable such a model to properly simulate the troposphere. For
upward-propagating linear Rossby waves, a suitable boundary
condition at the tropopause may be sufficient to describe this
feedback. But for internal stratospheric distortions and nonlinear
breaking of vertically propagating Rossby waves, an atmospheric
model must adequately represent the stratospheric processes in
order to properly simulate the feedback on the troposphere. The
feedback discussed here could significantly affect short-term and
large-scale variations in the output from model simulations and
data assimilations. O
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